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Actin, stretching, unzipping, and 
twisting DNA 
Flow field 10-13–10-9 10-8 DNA dynamics 
Magnetic beads 10-14–10-11 10-8 Stretching and twisting of DNA 
Optical tweezers 10-13–10-10 10-9 
Actin, DNA, RNA, proteins, 
molecular motors 
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δ = dZ −Δ
(3)
試料変形量がほぼゼロ
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+ (K z  lp,L, !K  
 
a. FJC model [512] 
 FJC model 7? 4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S˄ıɢ74:
30ͤW˜S(¥ŧū)ͤWȑşI7Ê@(08>ͦ& (ïͦ
contour length 8ĺ@TS) W L8*S8 L? lK8 
L = nlK                        (2. 37) 
>P;ͩ×5"QTSI0 L8 lKWɵ6ƐŎȕʨ̳ͨ͵ R?
R2 = lKL7˽&TSlK? Kuhnͦ(Kuhnlength)8ĺ@Tͤ>ĊʈƸW
˽*¢v¢7S  
 Â§7?þťͤ>ȕʨ̳ͨ͵ (ÊC) W x7˽*þťͤ>(Helmholtz)˦ɷ_e¢?
þ͖ͩǸ>ŴǸ 




dF = −SdT + f ⋅dx                         (2. 39) 
Q_ }¢ S8«ʨ;SƟĎ f ȾISFJC model ;"Sͤ>˦ɷ_e
¢WȾL6JPþ͖ͩǸ? 
Z(x,T ) = !∫ τ (bi )db1db2!dbn
i=1
n
∏∫                 (2. 40) 
7˽&TS$$7τ (bi )?ͲRı˄ıɢW˄D ~f} bi (ͦ& lK )̈ý&TSʕ
ɮ7RFJC |7? 
τ (bi ) =
1
4πb2
δ(bi − lK )                        (2. 41) 
7©QTS 
 ƙ(2.40)?ąͬșÄ bi = x∑ 46S7.>II7?ʢþ7:.$7ˆ̑Ď
Ũ>£˫ʄǈɅ;Ŕ5þ͖ͩǸ Z(x,T )W LaplaceŜǩ(0 






'                 (2. 42) 
W˜SǾ(ͩǸG( f ,T )W !Z( f ,T )>ŴǸ 
G( f ,T ) ≡ −kBT ln !Z( f ,T )                        (2. 43) 
7Ŭ˛*SͩǸ G >ưŷŜĖ? 
dG( f ,T ) = −SdT − x ⋅df                        (2. 44) 
7©QTS>7G? Gibbs ˦ɷ_e¢;Ŵƴ*SLaplaceŜǩ;PRf} bi>ļ
;Ŵ*Sąͬ8Tx;46>ʢþ76 
G( f ,T ) ≡ −nkBT ln τ (b)e
s⋅b db∫%& '(                     (2. 45) 
8:S$$7 s? s ≡ β f 7SFJC model> τͩǸ (ƙ (2.41)) WÁî(6ʢþWŭ˺*
S8 








(                       (2. 46) 
8:S 
ƙ  (2.44) ;PS8ͤ>ȕʨ;SƟĎ  f 7Sȉȕʨͨf}>ƐŎÞ x ? 
x=-(∂G)/(∂f )T7©QTSƙ (2.45) Wưþ(0˄ȞWˇŴÞ1"7ȏ 8 
x
L







&    (L ≡ nlK )                       (2. 47) 
















= coth x − 1
x
                  (2. 48) 










'                          (2. 49) 











                         (2. 50) 





2 x                         (2. 51) 
WƭS×ǸWͭ6ɲƻͤ>Ŗı8£˨*S 












                             (2. 52) 
8:S$$7 x L;ɞ̿*S$8þS 
 
b. WLC model [267] 
 ş:Ȏ#ơƸWM4Ώþť?ĚżȎͤ  (semiflexible polymer) M( ?Ċʈͤ  (stiff 
polymer)8ĺ@TSȎ#ơƸŷ& ŝĎW":Ȩͬ7͒Ɩ
;ʵ̊Ė*S$87żȎͤ8(6ǊSŖı;?ĚżȎͤ(ǘˉͦ
lp << L )8ĺ@T̓;Ȏ#ơƸȻ̻ʄşŖı;?Ċʈͤ8ĺ




 I+ͤWïͦ L >Ȏˏ r(s) (s ?Ɲ>ͦ&)8˜S (¥ŧŬ)
I0$>Ȏˏ>ǥˏf} t̂ = ∂r ∂s?ĜÌf}8*SͤͦęþͦŖı? FJC 








2    (κ =
∂2r
∂s2
:Ȏɮ)                 (2. 53) 
7Slp?ǘˉͦ (persistence length) 8ĺ@T$>ͦ&;6 kBT >_e¢;PRȎ
#̰$RI0ǥˏf}>ʉͩ: :SFJC model ;"S Kuhn ͦ8Ĳȫ lp?
WLC model;"Sͤ>ĊʈƸW˽*¢v¢7RKuhn ͦ8? 
lK = 2lp                                 (2. 54) 
8ƣ7˄C4"QTS 









x                    (2. 55) 
7S8(6PɲƻͤN FJC >Ŗı8ĲȫHooke>ɅĈǂRʦ4 









∫ ds− fx                         (2. 56) 
$$7Ď f ?ȕʨͨ>Êͦ x ≡ x̂ ⋅ r(L)− r(0)[ ]WǕȘ*S0L> Lagrange °Ǹ8(6ɰT
6SÂ§7?ĎPCÊͦ? x ǿĴ;Ƀ36ĐQTS8*Sş:Ď WLC ;ĐV
S8ÊC?ïͦ L;̿5ǥˏf}? x̂ ( xǿĴ>ĜÌf})>IVRWǫQ!1"















































∫ ds− fL                   (2. 59) 
$$7ÊC x? x = tx∫ ds8˽(I0 tl> 4ȲÂ¦>΂?ɣ̊(0Fourier Ŝǩ 
!tl (q) ≡ e
iqstl (s)ds∫                         (2. 60) 
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2 + f!" #$∫ !tl
2


















1 2             (2. 62) 
¦ƙ>×Ǹ 2? tl 2ǂþ7S$8;ɷȚ*S$T;PRÊC x? 
x
L


















1 2                            (2. 64) 
Ď f ƠŖı x?1 f 1 2;Ƭ36 L ;̿56 $8VS$T? FJC 7>ƠĎ













                      (2. 65) 
ʪ 1΂? (2.55) ƙ>ˏƣƸ;ɷȚ*S΂ʪ 2΂? (2.63) ƙ;PRʪ 3΂? x→0 8(08











 ăÌŒ  
 Rouse ?¢qɯW7͈=0|W˜0
ɯ>Ì˙W r1 , ··· , rn , ··· , rN+1 8(W˽*f}W a1 , ··· , aN 8*S(¥ŧŭ)ɪɲ





(rn+1 − rn )
2













∑                              (2. 66) 
 




c. Éĝ%´ÐÊ  







(rn+1 − rn )− (rn−1 − rn )[ ]                  (2. 67) 





∑                          (2. 69) 
$$7µnm?ȇĔƖ>ȲëWǘ36Rn  m ;̿8>J 0 7:(ŻǇƸ>ÃŬ).
*S8͔þͤWŬ˛(ʈ*$8;PRn ≠ m;Ŵ(6? µnm=08(6µnn>JWȸ*$8














                (2. 68) 




















&&                    (2. 70) 
$$7p = 1, 2,    ?ǹǸ7cos?ŘɹșÄWɗ0*P;830αp?¢~>ǜƎ7
Sȉͨ τp?¢~ p>ˑļȉͨ7Ȳƙ7©QTS 
1
τ p




















                  (2. 71) 




 Rouse model WŬ˛*S¥4>ÃŬ?Ƴ+(Mĩ"îTQTSM>7?: 
(i) ɲƻͤ>ơƸ>ÃŬ?ˬɛŤ­7?ȳ( :ˣɟ(0ͤ>ŬǸ?ɲƻͤ>ŬǸ
PR+38ŷ& 
(ii) phantom chain >ÃŬ>ƼĹ?ͤ ;Ƀ36̰$SºƆ>ēȞWï6ɣ̊*S$87S$
T?ˬɛŤ­7?ȳ(MʐT:ɛŤ­7?ƹ( :Sƪ˝>Ŗıj\?
+38̚I366Şş;ºƆ*SæĴƠ 
(iii) ŻǇƴʭ>ÃŬ?̞ŶɋēȞ (back flow effects)>0Lȳ( :ɋÎ­>¢
;Ď fn ĐVS8.>˄ȞɋÎïÎ>͆ƖŖ±&TS$>̞Ŷɋ?ˑļ¢~>Ȫ
͇Wş ŜS 






2.2.2 Įû®p%ĊB>kei=Œ%ß¾$ % Kirkwood ŉw[15] 
 £Ȗͤ>ȇĔƖ µchainWŭ΍ʄ;ɖŬ*S;?,ͤ;£Ŭ>Ď f totWĐ.T;P36ɴ+S
~}͆Ɩ VWɖŬ*S(Ɂͫ͸ȼɈĔetc.)ͤ>ƣŜVQ:ʠƖ>ƞĎ7? 
V = µchain ftot                                 (2. 74) 
8:S 
 M£4>$T8͈ͩ(0¢v¢?ͤ>ǗǷ×Ǹ D 7S$T?ɡƖþƉ>
ʈǥɖŬS?M38ʲÖ;?¢m¢í>ͼơƸǷ±;P36ɖŬ&TSǗǷ×
Ǹ?ȇĔƖ8 Einstein>ðƙΝ 
D = µchainT                           (2. 75) 
7ͩ×(6S 




V (t1) ⋅V (t2 )t1
∞
∫ dt2                    (2. 76) 
8:S$$7??ɧƐŎW˽*V(t)?ͤ>͚Ʋ>͆Ɩ7ï6>¢>ƐŎ7˽,
S  




∑ 1N c(r, t)∫ υ(r, t)dr                 (2. 77) 




N −2 c(r1, t1)c(r2, t2 )υ(r1, t1)υ(r2, t2 )t1
∞
∫ dr1dr2dt2               (2. 78) 
WƭS 
 Kirkwood?ƙ(2.78);Ŵ(6Ȳ>P:̿ËWȀ(0 







D = const.× kBT
6πηsR
                       (2. 79) 
$>ͩ×?ͤ>ǯǲ×Ǹ(ȇĔƖ>̓Ǹ);Ŵ*SM>;ȏǩQTS 
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2        (ɛŤ, v=0)                    (2. 72) 
R ~ N
3
5        (ˬɛŤ, 
v
a3
~1)                 (2. 73) 







                            (2. 74) 
WÐS$87S. 
 ŔȖʄˑļȉͨ τ>ƼĹWɲ̎*S>;Kuhn;P36Ŷî&T0¹͠ (dumbbell) |
[16
18]Ȓɵ7S$>|7?ͤ >¢q>Ì˙W©SŜǸ r1 , ··· rn+1?ï6Ɩŝ̊(





Kr2                               (2. 75) 










                              (2. 77) 
K ≅ kBT/R02 (ɲƻ¡phantoͤƙ(2.14)) ζtot (Û>ǯǲ>ĐɅƸ) WÃŬ*T@Rouseȭő8
:36 
τ ~ N 2                              (2. 78) 
WƭS 
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                               (2. 79) 
8:S$>Ŗı>¢~>Ȫ͇? Zimm ȭő;P36̛ʿ:̑ʮ:&T0[19]ˬɛŤ­>
ŭŌͤ;46? Kirkwood̿Ë7? ζtot = 6πηsRFWɵSF7I0ŬǸ?ƙ (2.84) 





                               (2. 89) 
WƭS 
ƙ (2.88)(2.89) ?£˫>ph¢ gðƙ (2.83) ;£˨(6S 






 k η τ = η/k 
Rouse[14] ~N-1 ~N ~N2 
Zimm[19] ~N-1 ~N0.5 ~N1.5 

























 ěĲȽļ8?1 Û>Ƚþť PNIPAM >áͤ̋ȽŔ8Ƚļ*T@.>ŖǇ>ɿȽŔʟ















∑ (ηζ ) jζ ! ρig
i
∏∫∫ (rig )drig ρ jc
i
∏ (rjc )drjc    (2. 90)
 
8:Sg¢rg }>ǸǙǸ i ≡ i1, i2,!{ }7Ƚļj\rg }>ǸǙǸ
j ≡ j1, j2,!{ }  7˽&TSΒΖrg }ζ Û>¢SΓ $$7 
ω(i, j) =
iζ∑( )! jζ∑( )!
iζ∏ ! jζ∏ !









ͩ×Sg¢ 1 Û>˦ɷ_e¢?γW˽ͽƟĎ8*S8Δfζ = −εζ +γζ
2 3>
ƣ;:S>7.>ˆ͚̑ɮ? 
λζ (T ) = e






                         (2. 93) 
8:S$$7, σ ≡ exp(−βΔε)?ěĲƸ>¢v7σ>Þŷ& :SG9ěĲƸř
*β ≡1 kBTη(T ) ≡ exp −(ε +Δε) kBT[ ]?Ƚʽ˄ı>˄ıŬǸ7S¥ŧŦť;Ƚļ͜















Qn (T, f ) ≡ dRZn (T,R)e
β f ⋅R∫                      (2. 94)
 
;ʟ˺*SΏþťͤˆ̑>Ȭəʄ:ǈɅ;PRƐŎȕʨ̳ͨ͵¬C;Ƚļ͜Wʮý7S¥
ŧŦŦ? ƐŎȕʨ̳ͨ͵ R / naWɣȲëĖ(0ƟĎ t ≡ fa / kBT >ͩǸ8(6y}(0M
>7S( a?¢>l\q)ǩʮɕƖτ ≡1−Θ0 /T7τ = −1.5  (Ƚļɬƿ)τ = −0.5  (͔
þʄ;ħ˔(0g¢ɬƿ)τ = 0  (ïÎħ˔(0g¢ɬƿ)> 3 4;46
ƟĎÊͦȎˏ˽ʘ&T6S 












 Ƚ8v¢>ɐıɛŤʹ7?v¢>þɮ 0.35 0R7̫ɛŤƸΈ˳8:
Rv¢͎Ş΄Œ7?ˬɛŤƸ;ʟ˺*SʼȽ>Ŗı8͑g¢͔þ¶
ʡ>ˣɟ(0͔þͤ(Ƚļͤ8v¢Ƚʽ˄ıͤ);PR͈˄&T0¢yfpj 
`¢n WÃŬ*S(¥ŧŦŧ)ɛŤɐıɮ(v¢>þɮ7 xm ) >M87
Ƚļɮ?θ (w)v¢;PSȽʽ˄ıɮθ (m)I0v¢>Ƚʽ˄ı?ěĲƸ
¢vσ m7˽&TSM>8*S˄ıþťïͤͦ;ĝLSČı?θ =θ












(m) / n = (1−θ )ηζ
(m)t(λmt)






p ){ }=1                     (2. 95)
 
Wɗ0*̎7S[30] $>̎ tWɵS8ï˿̇ɮ? 
θ =1−1 1+ t V1
(w) (λwt)+ pV1
(m) (λmt
p )!" #${ }                (2. 96)
 
ƐŎ 2°ȕʨ̳ͨ͵? 
R2 = (anνG )2 1−θW (λwt)−θm (λmt)[ ]+ κW2 ζW2vF−1(λwt)!"
#












ζ 2vF−1(x) ≡V2vF (x) /V1(x)?İɛŤǂþ>ͤ¦7>͈ͤͦκ ?ˣɟɬƿ8ùͳɬƿ7>¢

































































































̏&,0Ŗı>˯͚ Fǥ̏Ěƨ aǓ(̾Jɏ& δ>ͩ×WȲƙ7ʘ(0 
a3 = RF
K





                               (2. 103)
 
$$7R 8 K ?.T/TȒēĚƨơƸŬǸ7S`¢pɖŬ;"S̙ǻ>ǥ̏Ěƨ
WɖŬ*S$8?7:ƙ (2. 102)(2. 103)QƭQTS˯͚ F8Ǔ(̾J͜ δ>ͩ×
ƙ 














¥ŧŦũ ÃÊÖķ% Hertz`Jf 
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Derjaguin, Muller, Toporov[34]Q;PS|(DMT|)Johnson, Kendall, Roberts[35]Q;PS
| (JKR|) Ǩý&T0 
 
b. DMT`Jf[34] 
 DMT|?ƙ (2. 103)Wˈǋ(6S£ǿ7ǥ̏ͽùʎ_e¢wWŶî( ǥ̏
Ěƨ a8˯͚ F>ͩ×? 
a3 = R
K
(F + 2πwR)                       (2. 106)
 
 
8(6©QTSƙ (2. 103)PR aWɍĢ*S8 
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 Ȗʒʣ7?ɖŬ;Ñɵ(0 AFM ̀˙ Bruker MultiMode AFM (Nanoscope V)7R












? q, p, m, w0W.T/TǜĔť>ŜÌ͌Ĕ͜̭͜òǜ̍ĸɆǸ8(6Ȳƙ7˽&TS 
                (3.1) 
_e¢ʫþ͖ĈPR}Z > 2Ȳ>΂? kBT/2;ʫ((036 
                (3.2) 
ǜĔť>ŬǸW k 8*S8 7SQǜĔť>ŜÌ> 2 °ƐŎW̑ɖ*S$
8;PRŬǸWÂ§>P;ɀŬ7S 
                   (3.3) 
 ŬǸWȾLS;?b x¢>¢pf}WɖŬ*S¢pf}>
ʢþÞ?ŜÌ> 2 °ƐŎ;ʫ(>7ɧOQ>òǜ¢f>ͽʢ P WȾLT@P(0
36b x¢>ŬǸ k?Â§>ƙ7ȾLQTS 



























b x¢Wɵ0b x¢?ƈ̬> Olympus̃ BL-RC150VB (¥Ũŧ·) (òǜĸɆ





 vy g¢~>ŭ΍;? Veeco (USA) ̃MPP-11100 (¥ŨŨ) (òǜĸɆǸʻ 300 kHz, 
ŬǸ 20
80 N/m)Wɵ0b x¢>ƣɬ?ʑöɬ7Ǥ͞?õ͢ɬ7R,ìʨ>Ě
΁̍? 35ìʨĚƨ? 8–15nm 7S¼ń>ɖŬ7?ʔrg }8̸Qrg 
}WM4px _x x px ò͚ıyfj¢(SEBS)W 1 ʡΉ>b




































0HS-PS-SH ?ƈ̬&T6?:>7ƈ̬>«ȕʨb ͘> polystyrene :HOOC 



























¥Ũũ polystyrene æĚş 
 
ıŨŦ HS-PS-SH%¼§¯Ő"Ù 
 Mn Mw Mm/Mw 
PS6 61,000 66,000 1.07 
PS9 85,000 91,000 1.07 
PS12 122,000 131,000 1.07 
 
c. ő(Au 111)©ê%zĳ 
͝ŔȜΒAu 111ͽΓ>Ð̃;46?Â§;ǈ΃WʲĜ;̓́*S;ɺLS 
1. \bWşȼ­7čͧŔȜw¢;ry}*S  
2. ʍʤƖ 2.0×10-4PaÂ§I7ǢȼW˺ 
3. ŔȜW 400°CÂ¦I7Đɧ(¢d gW˺ 
4. ǒǏĐɧ͸ɘW ON;(670Aͅ͸ĐɧW˺ 
5. ŔȜĐɧͧţQ4ȉͨ 30þƪ;˴ʎW˺ 







¥ŨŪ AFM$+.ő(Au 111)©ê% heightĆ(łíğ¤ 1010µm) 
 






1. ͝ŔȜW UVau f¢¢;ry}*S  
2. ͘ʽW 1minɇî*S 
3. ʾŝˏ W 3ȉͨʠƖ͝ŔȜ;ɦŵ*S 

































[yn gǂďȉ>M>7R320nm × 320nmʰŇ7 5Ȗ>þťͤ̌ų&T0$>ɖŬ?
32ɢ32ɢ>`¢pb¢ħͣ7RɖŬɢ̳ͨ͵? 10 nmʠƖS̌ɖ&T0þťͤ












































δ = dZ −Δ
(3)
試料変形量がほぼゼロ


































Ŧť;ʘ*P;`¢pb¢>ɖŬ (ƚ͵(͎ʠ) ;6̙ ǻÌ˙>ŜÌ8þťͤ>
F = kΔ




WƆ(ƚ0͜7R= |z|  || 8:SI0.>8>ƟĎ f ?b x¢>














 ̙ǻ>ʟĔ͆Ɩ? 400 nm/s8(0$>͆Ɩ?ŞǸ>|¢vWƭS0L;ŬL0͆Ɩ7S
$>͆ƖΏþť>ͻʄ:ɪƸWƭS0L;šƢ:M>9WĂǽ*S$8?Ͷ(
³äŭ΍;6͆ƖW 200 nm/sN 2000 nm/s ;ŜĖ&,6MƭQT0|¢v;ŜĖ?̈QT
:300Lŭ΍(N*͆Ɩ;̔Ŭ(0 
 PNIPAM >əͻʄ[yn g>ɖŬ;?ʼȽʼv¢ĤC&I'I:ɡƖ>











































Ǹ8(˦ɷǜĔ>ɬƿ7ǜƎ 510 nm RMS ʠƖ8:SP;b x¢WǜĔ&,0
ǜĔ>̎ȝ?ŬƍɬƿWÃŬ(6˺0L̙ǻ>ʟĔ͆Ɩ?ęþ;͋ (:"T@:Q:
ȖɖŬ7?b x¢W 8-10 kHz (ìʨ>ȑş͆Ɩ 100 µm/s) 7ǜĔ&,6S$T;Ŵ
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LơƸÊͦb¢8ĺD̱ ʓˏ>āȓæ?3.56 × 104 N/m7Sɲ̤Þ?ɲƻͤ71.70 × 











































Wʘ*.T/T47, 25 Û>|¢vWĵX7SơƸÊͦb¢>ǘˉͦƐŎÞ 0.46 ± 













 }¢b¢>ýɰ?âɥʄ7?: ʕɮʄ:ɰ̩7SıũŦΒn |¢vǸ7
SΓ;ɽ:SɕƖ7>¶ʡΉ>b¢>ýɰʕɮWʘ(0LCST Â§> 24°C 7?ơƸÊͦb












ø¾ ÃÊvŔ YdKk 
24°C (n=47) 86 % 14% 
28°C (n=72) 75% 25% 
38°C (n=85) 32% 68% 





b¢>ǘˉͦW8M;ĵX7ˆ̑(6S_¢¢?Ȭə̟Ɔ σ/n 7S$$7 σ 
?ȬəàƆn ?İɕƖ>|¢vǸ7S 
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Œ7}¢Ď Fplateau = 14~26 pN7¿>ʒʣ˝>ŭ΍˄Ȟ8GH£˨*S$8þS&
Q;ɕƖ>¦ȅ;É}¢>Ď FM¦S$8̌ų&T0ɕƖΏ :S8PNIPAM
þťͤȽ­7PRˋűʄ;g¢;ù˔&TS0L}¢Ď F ş :S*
:V2 PNIPAMͤ>ˡȽļēȞƠ :S$8}¢Ď F>řş>ĠŅ18˜S 
 2.3.1 ʯ7ˀ½(0ɶ­Q>¢yfp|>ɲ̤ʄn¢n 7?ƐŎȕ
ʨ̳ͨ͵ WɣȲëĖ(0ƟĎ t>ͩǸ8(6}¢b¢³ɖ&T60 
                                      (4.1) 
$$7a ¢>l\qF ƟĎT ɕƖ7Sɶ­Q?g¢j\̹
ʟ;ͱ(S˥ɹƟĎ 7ȕʨ̳ͨ͵Ʒɠ;řĐ*SƚǑ΄Œýɰ*S$8W







                            (4.2) 












6Nγ τ −τ c( )
N 6/5 − N 2/3
~ Δτ 0.5
τ ≡1−Θ0 /T



















_EPkfyĖā(%) ÃÊvŔ(%) YdKk(%) 
0 (n = 20) 75 25 
10 (n = 17) 58 42 
20 (n = 32) 39 61 
30 (n = 36) 25 75 
40 (n = 35) 33 67 
50 (n = 28) 27 73 
60 (n = 54) 48 52 
70 (n = 36) 66 34 
80 (n = 34) 94 6 
90 (n = 40) 90 10 






















Êͦ(Lc/L > 0.8);ǂď(0΅Ɩ? 1~4%7R$TW[yn gǂďɮ8Ŭ˛*S¥
ũŮ(aŤ?[yn gǂďɮ>ɛŤÔŧƸWʘ(6Sv¢ÎʢȻɮ> 60%
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5.1 ĊMPW4HAi=%`Jf$ %ĸĞ 
 
5.1.1 ÂÕn%:iGgRk  
 AFM>vy g¢~7?ƠąǜĔ§>b x¢Wɔ˾̣ļǜĔť8̈:(¥Ū
Ŧ>P; Voigt|(8wyny}>¬Āǥˉ)W˜Â§>͌ĔǿʠƙWȏ  
                          (5. 80) 
$$7 m?̭ɢ>̭͜η?ʶƸ×Ǹk?ŬǸ7Sb x¢>ŉŬʨ;ǜƎ Ad
>ǜĔWĐS8*S8ʹ;Ŵ*SîĎ? 
                            (5. 81) 
8˽&TSƴʭ?Ǥ͞>ŜÌ z7RWîĎ-ƴʭͨ>ÌʉƆ8*T@z? 




¥ŪŦ ÂÕ%:iGgRk% Voigt`Jf 
 
 ƙ(5.2)(5.3) Wƙ(5.1);Áî*S8 
                     (5. 83) 
WƭS(036 
                      (5. 84) 
                        (5. 85) 
8:S 
                        (5. 86) 
7tanɣͬş8:SɢWòǜɢ8ĺD$>ȉǜƎW A = A08*S8 
m!!z(t)+η !z(t)+ kz(t) = kzd (t)
zd (t) = Ad exp(iωt)
z(t) = Aexp i(ωt +φ)( )
A −mω 2 + k + iηω( ) = kAd exp(iφ)
A = kAd







                         (5. 8) 
ƙ(2.5)7 A>ȑşÞW©Sɢ? ω07?:ƙ(5.5)>þȺ>Ȣį>­WŜƣ*S8 
             (5. 9) 
8:Sŭͱ>ɖŬ;"Sb x¢E>òǜĸɆǸ?Ǥ͞>ǜƎȑş8:SĸɆǸ ω1
Wɵ6R$T?ɛŤ­7>b x¢>òǜȎˏQȾLS$87S(03
6$Tȑŷ;:Sȉ; A>ȑşÞW©S>7 ω = ω18(6 
                 (5. 10) 
WƭSQ ?òǜ>͡&W˽*ǙȬ7 QÞ8ĺ@TSƙ(5.10)QVSP;Ȳƙ7Ŭ˛
&TS 
                     (5. 11) 
 ʶƸ η? Q8ĦȻÒ>ͩ×;S$8;MɇƼƳ̆7S$> QWÑ8ƙ(5.8)? 
                   (5. 12) 
8Ŝƣ7SA>ȑşÞ A1? 
              (5. 13) 
8ȏ"S01(ŭɖQƭQTS Q?ͅƍęþş ω1 ≈ ω0A1 ≈ A08̈:(6Pŭͱ
òǜɫƸQƭQTSòǜ¢f? ω1A1;Ŵƴ( ω0A07?:$8;ɇƼ(0ƙ(5.13)
WŸ(Ŝƣ*S8 
            (5. 14) 
A1 ≈ A07S$8;ɇƼ*S8 








































































5.1.2 ¯Œ¡ďà%:iGgRk  
 £ǿb x¢ìʨ> AFM Ǥ͞;þťͤȕʨ>ɩǿĶʎ(ŔȜ;þťͤ>Mɩ
ǿ>ȕʨĶʎ(6SŖı;b x¢þťͤʹ>ɰ̩̤ʄ|8(6¥Ūŧ>P
;͈˄(0 VoigtWɵ6͌Ĕǿʠƙ? 










Êͦ(6:ȉ>(A, )W(A1, 1)Êͦ(6Sȉ>.TQW(A2,  φ2)8*S 
                  (5. 17) 
                        (5. 18) 
7SʲĜ>0LÂ§>ɻįWɵS 
                         (5. 19) 
                            (5. 20) 
                    (5. 21) 
                       (5. 22) 
 
mz(t)+ (η1 +η2 )z(t)+ (k1 + k2 )z(t) = k1zd (t)
A2 =
kAd
(k1 + k2 −mω




k1 + k2 −mω
2
a1 = k1 −mω1
2
b1 =η1ω1
a2 = (k1 + k2 )−mω1
2
b2 = (η1 +η2 )ω1
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8˙ *S8 
                          (5. 23) 
                            (5. 24) 
                          (5. 25) 
                           (5. 26) 
ǜƎȻ Ar = A1/A2 8ÌʉƆ>Ɔ∆ = φ1  φ2WŬ˛*S8 
                         (5. 27) 
            (5. 28) 
8:Sƙ(5.27)(5.28)W a2b2;ͩ*S͈ʦǿʠƙ8(6̎ 8 
                    (5. 29) 
                    (5. 30) 
8:S(036 
                    (5. 31) 
7S*S8þť>ȒēơƸŬǸΒŬǸΓ8ȒēʶƸ×ǸΒǯǲ×ǸΓ?Â§>ƙ7˽
&TS 
          (5. 32) 
             (5. 33) 
WƭSÂ¦ƙ(5.32)(5.33)7ȾLQTS k28 η28ǃ̑ɖ(0Þ7Sƙ(5.32)
(5.33)>Į̽>*F6>͜?ŭɖīˠ:͜7SI0Ȗʒʣ7? 



































a2 = Ar (a1 cosΔ+ b1 sinΔ)
b2 = Ar (b1 cosΔ− a1 sinΔ)











η1ω cosΔ− (k1 −mω
2 )sinΔ{ }−η1



















QÍÊͦ΄Œ>£ŬÞƭQTS¥Ūũ(a)Q?ŬǸ k2 = (4.02 ± 1.36) × 10−6 N/m 





























 Ɗ˶ɛɎ­>Ώþťͤ>ʶơƸɲ̤?ȑā Rouse ;P36ǨĿ&T0ʪΗʧ;́F0P
; Rouse ȭő?ơƸ8(6?ɲƻͤWÃŬ(ʶƸ8(6?*<"8*SʶƸɷȚ>ǯǲĎ
 






                       (5. 36) 
$$7 ɛŤʶƖ7 ɲƻͤ>ȕʨ̳ͨ͵7SKirkwoodȭő?ĊÎɱ̿Ë7?
S.>l\q8(6?ŭŌͤWÃŬ*S 






 k η τ = η/k 
Rouse ~N-1 ~N ~N2 
Zimm ~N-1 ~N0.5 ~N1.5 
Kirkwood ~N-1.2 ~N0.6 ~N1.8 
 
 ¥ŪŪ;? wj\ȉ>ŬǸ8ʶƸ×Ǹ>͚ıƖÔŧƸWʘ*ŬǸ?ɲƻ
ͤ7T@ N-1>ÔŧƸ;:S(ŭŌͤ7T@ N-1.2;:S¥ŪŪ(b)>æ?-1.13  0.17
7ŭŌͤ;̿£ǿʁ Ƹ×Ǹ? Rouseȭő(*<", ɲƻͤ)7T@ NZimmȭő(ĊÎɱ



















>æ? 1.79  0.208:30Rouseȭő8 Zimmȭő?ɲƻͤWÃŬ(6S>7.T/








                              (5. 38) 
8ȏ"Sηs?ɛŤ>ʶƖ7S(036 
                      (5. 39) 
7S}_ >ʶƖ0.52 cpPCŭ΍ʄ;ȾL0rg }ͦ0.45 nmWƙ(5.39);Áî*S
8ÿɩ>Þ?-9.678:S(¥Ūū>ʓˏ)ŭɖ?-8.72  0.518.TG9̿Þ7?: ̓
;ŭɖÞQʶƖWǦŬ*S8 


























DMF 8v¢7>ʶƸ>þť͜ÔŧƸ7?æ?.T/T-1.19  0.09-1.30  0.20 7










 ¥Ūŭ;İɛŤ7>ˑļȉͨ>͚ıƖÔŧƸWʘ*v¢WÒ8(6ŉȒʶƖ 0.53 























  ηs / cp 
	 δs / (J/cm3)0.5  ηeff 
Toluene 0.52 8.8 (8.9±4.4) ηs-toluene 
DMF 0.92 12 (3.2±1.3) ηs-DMF 
Methanol 0.53 14.5 (1.3±0.6) ηs-methanol 
PS   8.7-9.2 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[¢~yf;ɵSÙį7S$>ɖŬ7?A/A0 = 0.8730 
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ARTICLE IN PRESS
(dynamic-dissipation curves hereafter) and, in particular, its
derivative with respect to the amplitude characterizes the
dissipation process [22].
Here we study three different energy dissipation processes,
surface energy hysteresis, dissipative interfacial interactions
between non-contact surfaces and viscoelasticity. The results
obtained from the numerical simulations show that the above
dissipation processes have a unique type of dynamic-dissipation
curve (Fig. 3). These observations are enhanced by taking the
derivative of the dissipated energy.
For surface energy hysteresis and dissipative interfacial
interactions between non-contact surfaces, the simulations have
been performed with the following set of parameters (set 1)
k=2 N/m, o0=59 kHz, Q=150 ga=33 mJ/m2, Dg=33 mJ/m2,
Da=HR/4, R=10 nm, H=6.77!10"20 J, Z=0, Eeff=150 GPa.
To simulate the viscoelastic process the parameters used
(set 2) were k=40 N/m, o0=300 kHz, Q=500, R=10 nm, ga=20
mJ/m2, Dg =0, Da =0, Z=800 Pa s, Eeff=500 MPa. Here H is the
Hamaker constant, ga the surface energy when the tip approaches
the surface and Dg the difference in the surface energy between
approaching and retracting curves, i.e., the surface energy
hysteresis in a cycle; Da=ar"aa is the hysteresis in the long
range attractive force (Eq. (3)).
3.1. Long-range surface adhesion hysteresis
The dissipated energy per cycle in the presence of long-range





















Fig. 3. Dynamic-dissipation curves for different non-conservative tip–surface forces. Energy dissipation and its derivative as a function of the amplitude ratio for long-
range surface adhesion hysteresis (a, b), short-range surface adhesion hysteresis (c, d), and viscoelasticity (e, f).
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The dissipated energy per cycle in the presence of long-range





















Fig. 3. Dynamic-dissipation curves for different non-conservative tip–surface forces. Energy dissipation and its derivative as a function of the amplitude ratio for long-
range surface adhesion hysteresis (a, b), short-range surface adhesion hysteresis (c, d), and viscoelasticity (e, f).
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(dynamic-dissipation curves hereafter) and, in particular, its
derivative with respect to the amplitude characteriz s th
dissipation process [22].
Here we study three different energy dissipation processes,
surface energy hysteresis, dissipative interfacial interactio s
between non-contact surfaces and viscoelasticity. The results
obtained from the numerical simulations show that the bove
dissipation processes have a unique type of dynamic-dissipation
curve (Fig. 3). These observations are enhanced by taking the
derivative of the dissipated en rgy.
For surface energy hysteresis and dissipative i terfacial
interactions between non-contact s rf s, the simulations have
been performed with the following set of parameters (set 1)
k=2 N/m, o0=59 kHz, Q=150 ga=33 mJ/m2, Dg=33 mJ/m2,
Da=HR/4, R=10 nm, H=6.77!10"20 J, Z=0, Eeff=15 GPa.
To simulate the viscoelastic process the parameters used
(set 2) were k=40 N/m, o0=300 kHz, Q=500, R=10 nm, ga=20
mJ/m2, Dg =0, Da =0, Z=800 Pa s, Eeff=500 MPa. Here H is the
Hamaker constant, ga the surface energy when the tip approaches
the surface and Dg the difference in the surface energy b tw en
appro ching and retracting curves, i.e., the surfac energy
hysteresis in a cycle; Da=ar" a is the hyst resis in the long
r nge attractive force (Eq. (3)).
3.1. Long-range surface adhesion hysteresis
The dissipated energy per cycle in the presence of long-range





















Fig. 3. Dynamic-dissipation curves for different non-conservative tip–surface forces. Energy dissipation and its derivative as a function of the amplitude ratio for long-
range surface adhesion hysteresis (a, b), short-range surface adhesion hysteresis (c, d), and viscoelasticity (e, f).
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Ζy}pWɵSBSPPEW.T/T10 mm×10 mm×1 mm>Ȝɬl ;ǂƣ 
ΗSBS8PPEȜɬl W¶ſ;͚=6y}p;ry{[ gΒPPE§Γ 
Θ4.0 × 107 N/m2ŋĎ>§7220°C730þɧŋ 





 Mn Mw/Mn 
SBS(total St.=39.5%) 105,000 1.08 
PPE 17,200 2.76 
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